Cell membranes show complex behavior, in part because of the large number of different components that interact with each other in different ways. One aspect of this complex behavior is lateral organization of components on a range of spatial scales. We found that lipidonly mixtures can model the range of size scales, from approximately 2 nm up to microns. Furthermore, the size of compositional heterogeneities can be controlled entirely by lipid composition for mixtures such as 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)/1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/cholesterol or sphingomyelin (SM)/DOPC/POPC/cholesterol. In one region of special interest, because of its connection to cell membrane rafts, nanometer-scale domains of liquid-disordered phase and liquid-ordered phase coexist over a wide range of compositions.
C
ell membranes have daunting complexity, including but not limited to the scales of spatial organization that emerge from a complex system. Complex behavior arises in part from the large number of different kinds of lipids and proteins, the different ways in which these membrane components interact with each other and with the rest of the cell, and the dynamic processes that locally and dramatically change significant fractions of the membrane. To appreciate the nature of this behavior, various key aspects of the complexity must be examined. Although a complete picture has not yet emerged, the available data are compelling that compositional heterogeneity, rather than random mixing of membrane lipids and proteins, describes cell membranes (Lingwood and Simons 2010) . Here, we focus on one specific subset of complex membrane behavior: lateral heterogeneity based on lipid -lipid interactions in multicomponent bilayer mixtures. The impetus for examining such mixtures is the apparent connection between the coexistence of liquiddisordered (Ld) and liquid-ordered (Lo) phases observed in some simple, lipid-only bilayers, and the properties of lipid rafts observed in some cellular membranes. One possible starting point for experimental study is to find the simplest system that shows a wide range of organization comparable to what is found in cells, that is, from nanometers to microns. This turns out to be a four-component lipid bilayer mixture at equilibrium, containing cholesterol.
Membranes of living cells show spatial organization on all relevant size scales, ranging from molecular lengths to the dimensions of the cell itself. The plasma membrane is the site of controlled crossing of molecules and ions between the cell and the environment, and is the anisotropic medium in which proteins find their partners and catalyze chemical reactions. The size scale for such molecular interactions is in the range of a few nanometers. Some larger bilayer environments are known to have specialized purposes, for example, membrane regions on the order of 50 -100 nm that characterize caveolae and other sites of membrane fusion and endocytosis. A larger, micron-size scale describes the clustering of proteins and lipids in the membrane site of an immune synapse (Manz and Groves 2010) . At a scale of tens of microns, epithelial cell plasma membranes are organized into the very different morphological and compositional regions of apical and basolateral domains (Simons and van Meer 1988) .
Small size scales of organization in a cell membrane are difficult to characterize experimentally. Several techniques have proven useful for detecting heterogeneities on the scale of such small collections of molecules, although not providing quantitative size measurement. Methods that are sensitive to the immediate environment of a molecule are probing a very short spatial scale, 1 nm. Fluorescence techniques including anisotropy (Kinosita et al. 1984) , lifetime (Haluska et al. 2008) , quantum yield (Zhao et al. 2007a) , and quenching by spin-labels (London and Feigenson 1981) , as well as the ESR spectrum itself (Schneider and Freed 1989) , are such highly locally sensitive methods. Although first-order phase separation creates different environments on both small and large spatial scales, simple nonideal lipid mixing also creates different local environments at the 1 nm scale. Experimental sensitivity to such small heterogeneities is needed, along with quantitative measure of spatial scale and (if possible) lifetime of any such domains. Superresolution imaging is highly promising in this regard. In a recent study, STED microscopy of fluorescently labeled lipids revealed transient trapping of sphingomyelin for an average time of 15 msec within regions of diameter ,20 nm (Sahl et al. 2010) . Of course, these STEDdetected domains themselves must last longer than 15 msec. This highly significant finding rules out simple nonideal mixing, which would result in molecular clusters that dissipate on a timescale of tens of microseconds (Abney and Scalettar 1995) . In addition to techniques employing a single probe species, FRET between donor and acceptor fluorophores is in principle capable of providing a measure of domain size in the range 1 -10 x R 0 , which is in the range of 2 -80 nm for available membrane fluorescent probes (Feigenson and Buboltz 2001) . Finally, we note that any technique involving addition of an extrinsic probe carries the caveat that the probe molecule might perturb the native spatial organization of the membrane.
MODELING SPATIAL ORGANIZATION IN CELL MEMBRANES
The size scales, time scales, and patterns of heterogeneity found in membranes of live cells can be treated in terms of general physical principles (Seul and Andelman 1995; Imperio and Reatto 2006; Elson et al. 2010; Fan and Sammalkorpi 2010) . One way to organize such general considerations is to classify the driving forces as equilibrium or nonequilibrium processes. For separated phases at equilibrium, competing interactions can give rise to patterns of spatial organization with variations in size, lifetime, and morphology. For example, when line tension dominates any other interactions that depend on domain (perimeter) size, coexisting liquid phases round up into large circular domains containing vast numbers of molecules to minimize their perimeter. This simple morphology can be modulated when interactions of sufficient magnitude compete with line tension, so that patterns appear-a maze of stripes, tiny round domains, curved lines, and branched lines (Seul and Andelman 1995) . Also at equilibrium, and depending on proximity to a critical point, fluctuating domains showing a range of size and timescales appear (Honerkamp-Smith et al. 2008 ).
Processes occurring far from equilibrium can strongly influence the nature of coexisting domains. An especially simple case is the failure of phase-separated Ld þ Lo macroscopic domains to merge into an equilibrium large domain because of a high-energy barrier from membrane curvature at the domain boundaries (Semrau et al. 2009 ). Nanodomains can also be stabilized by entropy: If line tension is sufficiently low, the entropic penalty for merging many small domains into a single large domain can produce a "quasi-equilibrium" state of domains smaller than 50 nm (Frolov et al. 2006) . A more complex and interesting process, also far from equilibrium and connected to other events in the cell, is the removal and delivery of patches of membrane having a composition distinct from that of the larger membrane. This dynamic process can generate a wide range of domain sizes and morphologies (Fan and Sammalkorpi 2010) .
LIPIDS FOUND IN CELL MEMBRANES
Considering only the lipids (a mixture chosen by evolution in part to spontaneously form the bilayer phases that are the fundamental cell membrane structure), a first step for study of heterogeneity is to find the lipid composition of cell membranes (van Meer et al. 2008) . A complete analysis would involve assaying the lipids of the given cell membrane, both qualitatively and quantitatively, and finding the particular composition of each leaflet. The latter has been a vexing problem for decades. Whole membrane assays are more feasible, and largescale efforts from "lipidomics" initiatives (Wenk 2005) have been successful in purifying particular cell membranes and measuring their overall composition, albeit without being able to characterize separate leaflet compositions so far. Different types of lipids have been found to predominate in different organisms, and in different membranes within a given cell. Even with so much new information, the connection between events of cell biology and particular lipid compositions-a kind of "lipid role assignment"-can be made in but a few cases. These exceptions include the phosphoinositide binding of particular proteins to the plasma membrane inner leaflet (McLaughlin and Murray 2005) and polyunsaturated acyl chains of lipids in the retinal rod, which are needed for full activity of rhodopsin (Polozova and Litman 2000) . More information is known about plasma membranes than about any other cell membranes, making the plasma membrane a starting point for thinking about lipid roles in mammalian cell membranes.
In the favorable case that a particular membrane can be obtained in high purity, the overall lipid composition can be found. In comparison with the total lipids of a cell, two categories of lipids stand out for their abundance in the plasma membrane compared with other cell membranes: high melting temperature lipids, in particular sphingomyelin and gangliosides, and cholesterol (van Meer et al. 2008) . These types of lipids are always present in the plasma membrane along with much lower melting temperature lipids, which in the outer leaflet are mostly phosphatidylcholines (Gennis 1989) . After so many years of effort, it is perhaps surprising that the precise lipid composition has not been separately determined for outer and inner leaflets for any plasma membrane. Because the best understood case is that of the mature human erythrocyte, we will take these results as an approximate model for other mammalian plasma membranes: the outer leaflet has all of the gangliosides, the great majority of the sphingomyelin (SM), and much of the phosphatidylcholine (PC) and cholesterol; the inner leaflet has most of the membrane's phosphatidylethanolamine (PE), possibly all of its phosphatidylserine (PS) and phosphatidylinositol (PI) and some PC, and much cholesterol (Gennis 1989) . It is important to remember that these numbers reflect an average over the entire membrane. Even if we know the composition of a leaflet, this does not imply that exactly this composition is found at all locations over the entire membrane surface, (e.g., apical and basolateral regions of an epithelial cell). In addition, manyother lipid components, including the plasmalogen versions of glycerophospholipids, are also present. The phase behavior of these molecules in mixtures with other membrane components is largely unexplored.
A more complete story of plasma membrane behavior should describe both the separate behavior of each leaflet, and the coupling between the leaflets Kiessling et al. 2009 ). The understanding of this "asymmetry" of the bilayer membrane is still at an early stage. Almost the entirety of what we know about the phase behavior of the lipid mixture in each leaflet of the plasma membrane comes from study of mixtures that separately model each leaflet.
CAN NEGLECTING MEMBRANE PROTEINS BE A STARTING POINT FOR SIMPLE MODELS?
Proteins and lipids comprise approximately equal fractions of the membrane, an obvious problem for the relevance of lipid-only mixtures to model a cell membrane. Yet, a closer inspection of the protein mass distribution reveals that the majority (perhaps 80%-85%) is located within the aqueous milieu either outside or inside the cell. The remaining 15%-20% of the protein mass is located within the lipid bilayer (Sheetz 1993 ). This consideration leads to an estimate that the membrane bilayer, which we can define as the matter bounded by the lipid headgroups of each leaflet, is 10%-15% protein. Indeed, the very nature of the membrane as a bilayer phase is entirely a property of the lipids, not the proteins. Therefore, lipid-only models are likely to inform about some aspects of the nature of cell membranes.
INFORMATION IN LIPID COMPOSITIONAL PHASE DIAGRAMS
The history of composition-dependent phase diagrams of lipid bilayer mixtures dates from the 1960s (Phillips et al. 1970) . Early experiments showed that single-component bilayers exist in a gel (Lb) phase at low temperatures, characterized by a high trans/gauche conformer ratio in the hydrocarbon chains, as well as long-range twodimensional positional order. Following heating, these bilayers will ultimately pass through a firstorder melting transition to a disordered fluid phase (Ld), accompanied by a decrease in chain segmental order and the loss of long-range correlations in lipid position. Subsequent work revealed transitions to a third lamellar phase (the liquid-ordered, or Lo phase), found only in the presence of substantial amounts of cholesterol, and possessing extraordinary properties: the absence of long-range positional order as in a fluid, but with a high degree of chain segmental order as in a gel (Wu and McConnell 1975; Vist and Davis 1990) . Early work also revealed that reliable data could be obtained to establish simple correlations, for example, that more structurally dissimilar lipids in a mixture give rise to wider regions of immiscibility (Tenchov and Koynova 1985; Huang and Li 1999) .
The apparent connection between the membrane raft hypothesis and coexistence of distinct fluid phases (Ld þ Lo) in model systems spurred the study of biomimetic bilayer mixtures in the previous decade, with the goal of solving complete phase diagrams. The minimal systems that maintain biological relevance yet are amenable to relatively complete study contain both high-melting and lowmelting temperature (T M ) lipids and cholesterol (Veatch and Keller 2003) . A rich phase behavior is found in these systems, including a large region of coexisting ordered-and disordered-liquid phases at biologically relevant cholesterol concentrations (Marsh 2009 ). Furthermore, the size distribution of phase domains in the Ld þ Lo region depends on the low-T M lipid: Strongly perturbing lipids like DOPC or diphytanoyl-PC generate micron-sized domains (Veatch et al. 2006; Zhao et al. 2007a) , whereas biologically abundant low-T M lipids, such as POPC or 1-stearoyl-2-olyeoyl-sn-glycero-3-phosphocholine (SOPC), yield nanometer-sized domains (de Almeida et al. 2003; Pokorny et al. 2006 ). In the following discussion, we consider the interactions that give rise to these phenomena. The thermodynamics of mixing, together with Monte Carlo computer simulations, provides a powerful, systematic basis for examination of lipid distributions based on lipid -lipid interaction energies. A simple visual inspection of Monte Carlo snapshots at equilibrium, such as those shown in Figures 1 and 2 , is instructive. Cell membranes are far from random mixtures of lipids and proteins, but we start by considering exactly this case: an ideal mixture of, for example, phosphatidylcholines, defined by an excess mixing energy DEm ¼ 0 (Guggenheim 1952) . Figure 1A shows that, for an ideal equimolar binary mixture with only nearestneighbor interactions (e.g., no long-range or higher order interactions), groupings of three to five like lipids in each leaflet are commonly observed (Huang and Feigenson 1993) . Firstorder phase separation occurs when DEm exceeds 0.55 kT (Guggenheim 1952) , and results in large phase domains seen in Figure 1D ,E. Intermediate values of DEm generate small clusters. For example, with DEm ¼ 0.4 kT, the sizes of the numerous clusters are in the range 10 to 20 lipids (see Fig. 1B ), a "domain size" of 3 nm (Huang and Feigenson 1993) . At DEm ¼ 0.5 kT, numerous clusters of approximately 100 lipids form, as shown in Figure 1C ,F. Such small clusters from nonideal mixing have a short lifetime on the order of microseconds, disappearing and forming again elsewhere after many nearest-neighbor exchanges, each 10 27 s (Abney and Scalettar 1995) .
Further insight into lipid mixing comes from considering the more complex behavior of multicomponent bilayer mixtures. Figure 2 shows snapshots of mixing behavior in which the interaction energies are held constant, but the concentration of a third component is Figure 2E . In these simulations, increasing cholesterol concentration leads to increased mixing of the components. At a cholesterol concentration of 35 mol % the mixture shows highly nonrandom mixing, with clusters of approximately 20 lipids (Fig. 2A) . Smaller cholesterol concentrations lead to increasing cluster sizes. For example, Figure 2C ,F show clusters of several hundreds of lipids at 25 mol % cholesterol, corresponding to a domain size of approximately 10 nm.
Considering these two simulation studies of two-and three-component mixtures, what do we learn about the spatial distribution of lipids? First, even well-mixed or random mixtures show numerous clusters of 3 to 5 similar lipids.
Second, lipid clusters grow as the mixture is changed to approach a boundary of phase separation, but only in a limited way: Cluster sizes approach a maximal range that is similar for the mixtures with different numbers of components. However, a short distance past the phase boundary in composition space (Fig. 2 ) or in energy (Fig. 1 ) results in enormous, abrupt change in size of domains.
Structured One-Phase Mixtures
Before exploring further the nature of lipid phase separations, another possibility should be discussed: A particular spatial organization in a lipid mixture might be described as a structured one-phase region instead of phase coexistence. In this state of matter, molecules are organized on the nm and tens of nm scale, but chemical potentials can vary with mixture composition (unlike a two-phase tieline, in which chemical potentials are constant even as the bulk composition varies). Examples of such structured one-phase mixtures are micelles, formed as a high-order association reaction of amphiphiles (Tanford 1980) , and microemulsions, which can form when surface tension is low enough compared with kT that large structure breaks up (Gelbart et al. 1999) . Such structured single phases provide distinctly different possibilities for the local environment of individual molecules. As an example, DPH fluorescence increases greatly when detergent forms micelles, revealing a new environment in which DPH quantum yield is increased (London and Feigenson 1978) .
An important task when modeling cell membranes is to faithfully describe the spatial organization of the system of interest. At least initially, this does not necessitate distinguishing between structured one-phase matter or twophase nanodomains of Ld þ Lo. Characterizing the spatial organization would include determining the size, shape, lifetime, and connectivity of the heterogeneities, whatever the number of true phases. But the distinction between one-phase and two-phase is of interest. First, along particular directions (namely the thermodynamic tielines of a two-phase system), chemical potential of each component is constant. In this case, we can in principle measure the very informative partitioning of a variety of membrane-bound lipids and proteins between coexisting Ld and Lo phases, a potential step in establishing the rules that describe protein partitioning in cell membranes. Moreover, systematic measurements of Kp might provide an experimental test to establish whether nanoscopic domains are one-phase or two-phase. After all, in a one-phase mixture chemical potential would vary continuously without showing fixed values along particular lines. If the nanodomain region of a ternary mixture were a structured one-phase compositional region, then we would expect to find a first-order transition to a two-phase region somewhere in composition space. Sharp transitions can be biologically useful, for example, in amplification of stimuli (Stadtman and Chock 1977) .
Coexisting Phases: The Special Behavior of Cholesterol in Bilayers
Phases can separate when unfavorable interactions are sufficiently large, resulting in rich phase behavior for some lipid mixtures. In a general sense, the two-chain lipids that form the bilayer phase are so very structurally different from cholesterol that we expect wide regions of immiscibility. But cholesterol, despite its high solubility in phospholipids-about 67 mol %, or two cholesterol molecules for each phospholipid molecule at saturation for many PCs-ties up its phospholipid neighbors to accommodate what is effectively strong cholesterol -cholesterol repulsion (Huang 2002) . At cholesterol concentrations greater than that of certain regular arrays, cholesterol chemical potential spikes (Ali et al. 2007) . At these special concentrations, a different cholesterol-rich phase separates from the cholesterol-saturated matrix. This behavior was first described explicitly for the formation of cholesterol monohydrate from a cholesterol-saturated Lo bilayer ), but applies to other separations of cholesterol-rich phases as well, including formation of Lo from a cholesterolsaturated Lb phase.
One-, two-, and three-phase regions are found in the case of ternary mixtures with cholesterol that contain, for example, the phospholipid pairs SM þ DOPC (Veatch and Keller 2005) , or 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) þ DOPC (Veatch and Keller 2003) , or DSPC þ DOPC (Zhao et al. 2007a ). The interaction of DOPC with the high-melting lipid is so unfavorable that over an extensive region of composition space, phase separation of Ld and Lo occurs. Phase domains are macroscopic, and a single round domain can extend for many microns. This observation also implies line tension between Ld and Lo domains that is sufficiently large to drive their coalescence. Figure 3 shows the phase behavior over all possible compositions at 238C for the particular mixture DSPC/DOPC/cholesterol, but we note that this can be considered a general phase diagram for mixtures of cholesterol with a high-T M and low-T M lipid. As cholesterol concentration
Phase Separation in Lipid Membranes
Cite this article as Cold Spring Harb Perspect Biol 2011;3:a004630 increases in the Ld phase (arrow 1 in Fig. 3) , apparently cholesterol continuously dissolves without phase separation right up to its maximum solubility of 67 mol %. The same is not true of the gel phase (arrow 3 in Fig. 3 ). In the Lb phase, cholesterol reaches a maximum solubility of about 16 mol % (for SM, DPPC, or DSPC in mixtures with DOPC, POPC, or SOPC). Cholesterol chemical potential rises steeply at this special concentration, resulting in the formation of a Lo phase having the higher cholesterol concentration of 27 mol %. The concentration of 16 mol % corresponds to each cholesterol molecule in the gel being surrounded by about six phospholipids-every phospholipid in the gel "solvating" but one cholesterol in the cholesterol-saturated solid Lb phase. Cholesterol at concentration .16 mol % must be accommodated in a different type of lattice than that of the Lb phase, namely that of the Lo phase. Apparently, lateral and rotational positions have larger ranges available for optimal cholesterol solvation when not dictated by the demands of the highly-ordered Lb lattice. Perhaps the details of cholesterol molecular shape make anisotropic demands on its now approximately four or fewer phospholipid neighbors in Lo, rather than the six phospholipid neighbors of the cholesterolsaturated Lb phase. Packing adjustments in Lo, unconstrained by the Lb lattice, seem to enable each cholesterol to be shielded from water by fewer lipid headgroups.
As cholesterol concentration increases, eventually reaching its maximum solubility in the Lb phase, the cholesterol also responds to the presence of any coexisting Ld phase. For example, Figure 3 arrow 2 corresponds to the addition of cholesterol to a two-phase mixture of Ld (DSPC-saturated DOPC) and Lb (DOPC-saturated DSPC). In this interesting situation, the cholesterol has modest preference for Lb over Ld, but dissolves into both phases. In Ld and Lb, cholesterol chemical potential (Heberle et al. 2010) . However, in the POPC-or SOPC-containing mixtures, in the Ld þ Lo region far from this critical point, another interesting behavior is manifest: the phase domains are smaller than the wavelength of light, about 200-300 nm, and so are not resolved in ordinaryresolution optical microscopy. However, FRET (Silvius 2003) , fluorescence anisotropy (de Almeida et al. 2003) , ESR spin label order parameter and rotational diffusion (Heberle et al. 2010) , and d-Lysin-induced dye efflux (Pokorny et al. 2006 ) are all consistent with coexistence of Ld and Lo phases.
If nanodomains of Ld þ Lo can be treated as two-phase coexistence, some questions arise:
1. Given that minimization of domain perimeter is driven by lowering the free energy from line tension between Ld and Lo domains, what is an opposing interaction that would become unfavorable as domain size grows?
The result of such competing interactions would be modulated phase behavior. Depending on the relative magnitude of the competing terms, a variety of domain morphologies and size scales can be observed, including round domains, straight lines, branched lines, and maze patterns (Seul and Andelman 1995) . Possible candidates for such an interaction that becomes unfavorable as domain size grows can be identified: (1) Lipid intrinsic curvature has been proposed to favor domains of a particular size (Brewster and Safran 2010) ; (2) The special demand of each individual cholesterol molecule to be "solvated" by neighboring lipids is not symmetrical around each cholesterol molecule, and each "lipid solvation shell" could interact unfavorably with others to oppose domain growth.
2. To what extent are the chemical and physical
properties of any nanodomains in POPCand SOPC-containing mixtures similar to, or different from, the macroscopic phase domains of Ld þ Lo in the related mixtures SM/DOPC/chol or DSPC/DOPC/chol, for example? Simons and colleagues have emphasized that the partition of "raft-associated" proteins in cell membranes differs from the partition observed in simple lipid mixture models of cell membranes (Kaiser et al. 2009 ). But perhaps protein partition behavior for coexisting macroscopic domains is misleading. This hypothesis can be tested by comparing the partitioning of even simple fluorescent dyes in the nanoscopic and macroscopic mixtures. Of great interest would be to find the Kp of various lipids, peptides, and proteins. Furthermore, the physical properties of order parameter and diffusion coefficient differences between nanoscopic and macroscopic domains might inform as to the fundamental domain characteristics. For example, the order parameter S 0 of the acyl chain spin label 16-PC responds in a similar way to the phase separation of either macroscopic or nanoscopic domains, yet the nanoscopic Ld-phase domains show greater order than macroscopic Ld-phase domains (Fig. 4) .
Are interesting morphologies observed when
Ld and Lo phases coexist? Given two-phase coexistence, Seul and Andelman (1995) and others have described
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Cite this article as Cold Spring Harb Perspect Biol 2011;3:a004630 modulation of spatial organization that shows a number of possible morphologies, including the possibility of progression through different morphologies. For mixtures that show a range of size scales, for example the four-component mixture DSPC/ DOPC/POPC/chol, the extremes of fluid phase morphology are known: micronsized, round domains at 0 mol % POPC, and domains much smaller than 300 nm (and likely in the range of 2 -5 nm) at 0 mol % DOPC. However, in the intermediate regime, different morphologies are frequently observed (Fig. 5) . The systematic examination of such behavior in lipid-only models might inform a search for similar morphologies in cell membranes.
4. Are the domains observed with light microscopy strongly sensitive to intense illumination? For any imaging techniques in which the question is a transition from "close-tophase-separated" to actually phase-separated, we expect sensitivity to light-induced macroscopic domains. This artifact can be minimized by use of low dye concentration, multiphoton excitation, and sensitive cameras (Morales-Penningston et al. 2010 ).
Value of a Phase Diagram for a Four-Component Bilayer Mixture
Because DSPC/DOPC/chol has macroscopic Ld þ Lo phase separation, whereas DSPC/ POPC/chol has nanometer-scale Ld þ Lo separation, a minimal system with domain size controlled by composition would be the fourcomponent mixtures DSPC/DOPC/POPC/ chol. Finding the boundaries of phase regions in four-component mixtures will be dataintensive because a three-dimensional composition space must be examined. In addition to phase boundaries, domain size scales must be determined; GUV imaging and FRET are useful for obtaining such information. Domain lifetime distributions are necessary for understanding their role in the enzymatic activity of membrane proteins. Are there distinct protein behaviors in response to distinct lipid phase behaviors, or does a short domain lifetime effectively present the protein with an averaged environment? Figure 4 . ESR reveals similarity of macroscopic and nanoscopic phase properties. Compositional trajectories run in the approximate direction of Ld þ Lo tielines (see Fig. 3 ) and differ only in the identity of the low-T M lipid. Composition-dependent order parameters obtained from ESR spectral simulations in DSPC/DOPC/chol (triangles) and DSPC/POPC/ chol (circles).
CONCLUSIONS
It is clear that cell membranes possess domains with a range of sizes. Compositional heterogeneities also occur in lipid-only bilayer mixtures, with a range of sizes and perhaps other properties. Model mixtures in which domain size is controlled by composition from nanometerscale to microns would provide a valuable experimental system for examining this aspect of membrane rafts. So far, no such systematic study has been published, though we have recently identified a four-component mixture that meets this criterion. Also of interest for the behavior of cell membranes, even single phase nonideal lipid mixtures can be induced to increase the size of their heterogeneities. Here, a case that plagues the use of fluorescence microscopy is the introduction of artifactual visible domains by intense illumination (Zhao et al. 2007b ). This might be caused by free radical initiated polymerization that starts from the reactive excited singlet state (Ayuyan and Cohen 2006) . More interesting examples come from aggregating ganglioside by binding cholera toxin B subunit, resulting in large domains (Hammond et al. 2005) . Such controlled increase of domain size by protein binding or cross-linking could be used by cells in a controlled fashion to effect cellular functions (Lingwood et al. 2008) . Furthermore, perhaps the cell has mechanisms for the complementary role of controlled decrease of domain size, for example, via protein "obstacles" that interfere with phase separation.
